Oxylipins play important roles in stress signaling in plants. The compound 12-oxophytodienoic acid (cis-OPDA) is an early biosynthetic precursor of jasmonic acid (JA), the key phytohormone orchestrating the plant anti-herbivore defense. When consumed by feeding Lepidopteran larvae, plant-derived cis-OPDA suffers rapid isomerization to iso-OPDA in the midgut and is excreted in the frass. Unlike OPDA epimerization (yielding trans-OPDA), the formation of iso-OPDA is enzyme-dependent, and is catalyzed by an inducible glutathione transferase (GSTs) from the larval gut. Purified GST fractions from the gut of Egyptian cotton leafworm (Spodoptera littoralis) and cotton bollworm (Helicoverpa armigera) both exhibited strong OPDA isomerization activity, most likely via transient formation of a glutathione-OPDA conjugate. Out of 16 cytosolic GST proteins cloned from the gut of cotton bollworm larvae and expressed in E. coli, only one catalyzed the OPDA isomerization. The biological function of the double bond shift might be seen in an inactivation of cis-OPDA, similar to the inactivation of prostaglandin A1 to prostaglandin B1 in mammalian tissue. The enzymatic isomerization is particularly widespread among generalist herbivores that have to cope with various amounts of cis-OPDA in their spectrum of host plants.
Oxylipins play important roles in stress signaling in plants. The compound 12-oxophytodienoic acid (cis-OPDA) is an early biosynthetic precursor of jasmonic acid (JA), the key phytohormone orchestrating the plant anti-herbivore defense. When consumed by feeding Lepidopteran larvae, plant-derived cis-OPDA suffers rapid isomerization to iso-OPDA in the midgut and is excreted in the frass. Unlike OPDA epimerization (yielding trans-OPDA), the formation of iso-OPDA is enzyme-dependent, and is catalyzed by an inducible glutathione transferase (GSTs) from the larval gut. Purified GST fractions from the gut of Egyptian cotton leafworm (Spodoptera littoralis) and cotton bollworm (Helicoverpa armigera) both exhibited strong OPDA isomerization activity, most likely via transient formation of a glutathione-OPDA conjugate. Out of 16 cytosolic GST proteins cloned from the gut of cotton bollworm larvae and expressed in E. coli, only one catalyzed the OPDA isomerization. The biological function of the double bond shift might be seen in an inactivation of cis-OPDA, similar to the inactivation of prostaglandin A1 to prostaglandin B1 in mammalian tissue. The enzymatic isomerization is particularly widespread among generalist herbivores that have to cope with various amounts of cis-OPDA in their spectrum of host plants. 12 -oxophytodienoic acid ͉ inactivation of OPDA P lants under attack by herbivores rapidly activate a network of direct and indirect defense responses. Well-known is the synthesis of toxins that kill herbivores or reduce plant digestibility (1) . The defenses can either be constitutive-always present in the plant, or induced-produced in reaction to damage or stress caused by herbivores. Effective indirect defenses include the emission of volatiles (2) and the secretion of extrafloral nectar (3) that attract parasitoids and other enemies of the herbivore. The coordinated up-regulation and timing of the defense responses is controlled by a network of plant hormones. Especially, the fatty acid-derived hormones, collectively termed as oxylipins, in combination with salicylic acid and ethylene are the major players which orchestrate plant defenses (4) . Within the family of oxylipins, jasmonic acid (JA) and its plastid-produced precursor 12-oxophytodienoic acid (OPDA) represent two powerful signals that control gene expression. Although JA is considered a ''master switch,'' controlling metabolic activities, OPDA itself has also been reported to play an important role in plant defense mechanisms, mainly by fine tuning the JA responses within the plant, but also as a reactive electrophile (5) (6) (7) (8) . Herbivores that consume induced plant tissue are inevitably exposed to increased levels of oxylipins, especially OPDA, which is most often more dominant than jasmonic acid (9) . Enhanced levels of OPDA could benefit the insect as a ''warning cue'' to activate their detoxification systems against accumulating plant toxins, as has been shown previously for dietary JA (10). However, unlike jasmonic acid OPDA contains a reactive ␣,␤-unsaturated carbonyl structure, which easily adds cellular nucleophiles (Michael addition) making OPDA potentially toxic for the herbivore (11) . Moreover, OPDA structurally resembles certain animal prostaglandins ( Fig. 1) , which, for example, have been claimed to play a role in the activation of the insect innate immune system (12) . With respect to this close structural similarity to bioactive prostaglandins, the plant-derived OPDA could principally interfere with components of the insect's hormonal signaling network. However, in the course of adaptation of insect herbivores to widespread plant compounds during coevolution and to avoid potentially harmful effects, insects could have developed specific strategies to minimize interferences coming from food-derived bioactive compounds. A previous analysis of oxylipins in the digestive juice and frass of larvae of Spodoptora littoralis feeding on lima bean leaves provided, indeed, evidence for a specific transformation of OPDA in the insect gut (9) . While most oxylipins persisted unchanged in the intestinal duct and frass, OPDA disappeared remarkably rapidly. Instead, the thermodynamically more stable iso-OPDA was found in the gut fluid and the frass (Fig. 1 ). This apparently simple transformation could not be achieved in vitro and was not simply pH-dependent [pH of the Lepidopteran foregut is approximately 10.5 (13) ], but required a hitherto unknown enzymatic activity, formally related to the transformation of prostaglandin A 1 to prostaglandin B 1 , which is known from several mammalian species ( Fig. 1) (14) .
One of the most common strategies to detoxify an electrophilic compound such as OPDA is the formation of a conjugate with reduced glutathione (GSH) (15) . This transformation is common in plants and has been discussed as a disposal route for electrophilic products of the lipoxygenase pathway (16, 17) . For example, leaves of Arabidopsis thaliana accumulated the glutathione-OPDA conjugate (GS-OPDA) after infection with Pseudomonas syringae (18) . Stinzi et al. (6) observed induction of GST1 in the A. thaliana opr3 mutant exclusively after treatment with OPDA. Interestingly, also the phytoprostanes PPA 1 and PPB 1 , as well as dPPJ 1 , sharing the element of an ␣,␤-unsaturated -system with the 12-oxophytodienoic acid, strongly induced GST1 and several other GSTs in A. thaliana (19, 20) . Since the GSTs appear to be generally associated with the clearance of biological tissue from reactive electrophiles such as 12-OPDA and certain prostaglandins (21, 22) , we investigated the impact of GSTs from the insect gut on the isomerization of cis-OPDA to iso-OPDA.
Here we report that the GST fraction, enriched by affinity chromatography from a homogenate of gut epithelial cells, has the full catalytic capacity to achieve the double-bond shift in cis-OPDA to generate iso-OPDA. Out of 16 cloned and expressed GSTs from the cotton bollworm Helicoverpa armigera, only a single protein displayed the capability to generate iso-OPDA. This suggests a specific function for this GST in the transformation or inactivation of the plant-derived OPDA in the insect gut.
amounts of the oxylipin cis-OPDA (9) . Surprisingly, this compound was not present in the intestinal fluids and the frass of the larvae, but instead significant amounts of iso-OPDA were found (9) . Since previously studied clearance-processes of electrophiles resulting in double-bond shifts, for example, the isomerization of the ⌬ 5 -3-ketosteroids (23), were catalyzed by GSTs, we first analyzed the impact of reduced glutathione (GSH) on the OPDA isomerization. Addition of GSH to a crude homogenate of larval midgut tissue of S. littoralis clearly enhanced the rate of isomerization ( Fig. 2 A and  B) and, thus, suggested the involvement of GSTs in this process. Control experiments without midgut homogenate incubating cis-OPDA with an excess of GSH at different pH (cis-OPDA/GSH 1:10 3 1:20, pHs 7, 9, and 10.5) did not result in OPDA isomerization (Fig. 2C) . Accordingly, pure GSH is not capable to catalyze the double-bond shift without the presence of a specific enzyme. An excess of GSH prompted only an unspecific epimerization of cis-OPDA to trans-OPDA, similar to the treatment of cis-OPDA with BSA (9).
Purification of Glutathione-S-Transferases Catalyzing the Isomerization
of cis-OPDA to iso-OPDA. The GST proteins produced in the epithelial cells of the midgut of S. littoralis were enriched from a crude midgut homogenate by affinity chromatography on GST Bind Fractogel cartridges. The purified and bioactive proteins eluted as a narrow band on 1D SDS/PAGE (Fig. S1 A) . MALDI-TOF analysis of the protein fraction showed molecular ions in the range of 27 kDa and matched with several previously identified GSTs from S. littoralis (Table S1 ).
The catalytic activity of the fractions was tested by coincubation with cis-OPDA and GSH followed by GC-MS analysis. The spectrum of oxylipins was analyzed as their more stable PFB-oximes (Fig. 2 , Materials and Methods) (24) . The formation of iso-OPDA was not observed with fractions passing the column unbound. Bound proteins were eluted with GSH and efficiently catalyzed the isomerization of cis-OPDA to iso-OPDA. Similar results were obtained with purified GSTs from gut homogenate of the cotton bollworm H. armigera as shown in Fig. 2 D and E. Similar to the 1D SDS/PAGE (Fig. S1B ) of the GST-proteins from S. littoralis also the proteins from H. armigera displayed a narrow band with a molecular mass of approximately 25 kDa and MALDI-TOF analysis revealed the presence of GSTs previously reported for H. armigera (Table S1 ).
The selective action of the obtained GST-fractions was demonstrated by incubation of cis-OPDA and different amounts of GSH at pH 7 with commercial GST from equine liver and with GST-X01 from H. armigera expressed in E. coli (25) . None of these enzymes catalyzed the generation of iso-OPDA from cis-OPDA. Preliminary information on the kinetics of the isomerization process was obtained by following the decreasing UV absorbance of cis-OPDA at 230 nm. In the presence of an active GST-fraction a rapid conversion (50%) was observed in the first 20 min, and after approximately 60 min the transformation rate of 77% (GC-MS) was reached.
To pin down the observed OPDA-isomerase activity to a few or a single enzyme, we separated cytosolic and microsomal protein fractions from pooled guts of H. armigera (26, 27) Significant activity was only observed in the cytosolic fraction, which was then further purified on the GST affinity cartridges. In line with the previous experiments cis-OPDA was isomerized only by fractions containing the affinity-purified proteins.
Glutathione-OPDA Conjugation Accompanies OPDA Isomerization. As a powerful electrophile free cis-OPDA easily reacts with reduced GSH to form a conjugate (16) . Then, an enzyme-catalyzed removal of a proton from the neighboring carbon, remote to the carbonyl group could generate an unstable ␤,␥-unsaturated OPDA intermediate ( Fig. 3A ) that may undergo a second double-bond shift to give either cis-OPDA or the thermodynamically more stable iso-OPDA under the alkaline conditions of the insect gut (9) . Alternatively, protonation of the keto function or base catalyzed abstraction of a hydrogen atom could generate a bis-enolate that may be specifically reprotonated by a properly positioned GSH to the ␤,␥-unsaturated OPDA intermediate (Fig. 3B) ; in this case a covalent intermediate would not be involved (28) .
To test the alternative mechanisms we synthesized the glutathione-OPDA (GS-OPDA) adduct from cis-OPDA and free GSH following the protocol of Blackburn et al. (29) 
(see SI Text).
Although HPLC separation yielded only a single peak with a mass spectrum consistent with GS-OPDA (17, 18) , the NMR data indicated the presence of at least two different diastereomers of GS-OPDA (Figs. S2-S4 and Table S2 ). Using this reference, we screened the intestinal fluids and frass of the larvae for the presence of GS-OPDA as a putative intermediate. The free OPDA isomers were analyzed as their PFB-derivatives by GC-MS after derivatisation with PFBO (cf . Fig. 2) ; the non-volatile GS-OPDA conjugate was monitored by LC-MS (Fig. 4) without derivatization.
Both, the intestinal fluid and the frass contained considerable amounts of iso-OPDA but no significant amounts of the GS-OPDA conjugate (Fig. S5) . Accordingly, the conjugate is either not an intermediate, or is only a rather short-lived intermediate rapidly releasing iso-OPDA and GSH. On the other hand, incubation of cis-OPDA with GSH and the affinity-purified GST fraction from H. armigera at pH 7.0 indicated a time-dependent formation of the conjugate (Fig. 4) along with iso-OPDA. When synthetic GS-OPDA was incubated with a prepurified GST fraction from H. armigera a similar product distribution was obtained (Fig. 5) . Besides a minor amount of iso-OPDA (13%) the product mixtures consisted of cis-OPDA (37.5%) and trans-OPDA (49.5%). In control experiments exposing GS-OPDA for 2 h to the basic pH (10.5) of the insect gut we also observed cleavage of GS-OPDA, but these assays generated only cis-and trans-OPDA; no formation of iso-OPDA was observed.
A Single GST from Gut Tissue of H. armigera Catalyzes OPDA Isomerization. Separation of the affinity-purified GST fraction by 2D SDS/ PAGE in a pH gradient resolved the protein mixture into twelve distinct protein spots (Fig. 6 ). Two spots (#1 and #12) accumulated at the pI extremes at pIs 3 and 12. The other moderate to well-resolved GSTs were found in the range between pIs 5 and 8 (spots #2 to #11). Since post-translational modifications are rare within the GST family (26) we expected that the resolved spots should represent at least 12 different GST proteins. This was supported by MALDI TOF which resulted in good matches with known GSTs from H. armigera (Table S1 ).
To identify the candidate genes for these proteins, we screened our in-house cDNA libraries from H. armigera for GST sequences by keyword (GST) and BLAST searches using the data from MALDI-TOF and de novo sequencing. Since the OPDAisomerization is catalyzed by an enzyme from gut tissue, we focused on tissue-specific libraries. Out of a total of 40 GSTs, only 18 are expressed in the midgut tissue. Since the OPDA-isomerization could be attributed to the cytosolic fraction, two microsomal midgut GSTs were further excluded. The cDNAs encoding the remaining 16 GST proteins (Fig. S6) were amplified from EST clones by PCR using gene-specific forward-and reverse primers (Table S3) and cloned into the pCR-T7/CT-TOPO expression vector (Invitrogen) in frame with a C-terminal His-tag. The transformed cells of E. coli BL21 (DE3) were harvested and disrupted with non-ionic detergents (see Materials and Methods). The identity of each expressed protein as a member of the GST family was additionally confirmed by the typical change in absorbance at 380 nm determined with 1-chloro-2,4-dinitrobenzene (CDNB) as a standard substrate (30, 31) . The 16,000 ϫ g supernatants of the cell lysates were tested in phosphate buffer (pH 7) with an excess of reduced GSH for their ability to isomerize cis-OPDA to iso-OPDA by GC-MS. From the 16 expressed proteins, four (see GST 5 and 6 in Fig. 7) were able to epimerize cis-OPDA to the trans-isomer and only a single protein (GST 16/GenBank accession nr.: FJ546089/) catalyzed the formation of iso-OPDA from cis-OPDA (Fig. 7) . The remaining 11 GSTs (see GST 4 in Fig. 7) did not modify the substrate. All attempts to enrich and purify GST 16 by affinity chromatography failed and resulted in an unexpected loss of catalytic activity. Similar results were obtained in previous attempts to directly enrich and purify the isomerase from the gut tissue.
Occurrence of OPDA Isomerization in Insects.
Preliminary screenings demonstrated that the ability to isomerize cis-OPDA to iso-OPDA is not generally distributed among insects. For example, frass of Pieris rapae larvae, specialized on Brassicaceae, contained only approximately 14% of iso-OPDA, while the original oxylipin cis-OPDA prevailed. In contrast, the frass from larvae of several other Spodopteran species contained only minor amounts of cis-OPDA while iso-OPDA prevailed (Ͼ80%) (9) . To understand this pattern, we compared the oxylipins from larvae of specialized insects with those from generalist larvae. Comparable food qualities, with identical oxylipin loads, were secured by using artificial diets enriched with defined amounts of OPDA. The OPDA-spiked diet was fed to larvae of several insect species (Helicoverpa assulta, Manduca sexta, Plutella xylostella, Bombyx mori). Larvae from insects for which no artificial diet was available (Plagiodera versicolora) were allowed to feed on their typical food plants (Salix fragilis). In the case of bee hive-feeding Galleria mellonella the ability to isomerize cis-OPDA was tested with dissected gut tissue as described (9) . According to Table 1 in particular the larvae of the generalist feeders (Noctuidae, e.g., Spodoptera spp.) are competent to isomerize cis-OPDA almost completely to iso-OPDA. Larvae of H. assulta, the Oriental tobacco budworm and M. sexta also isomerize cis-OPDA to iso-OPDA albeit less efficiently. Larvae of G. mellonella, feeding on bee wax, B. mori, exclusively feeding on mulberry, and P. xylostella, specialized on Brassicaceae, together with the larvae of the Chrysomelid beetles P. versicolora were not able at all to isomerize cis-OPDA.
Discussion
Glutathione transferases (GSTs) are a diverse family of enzymes found ubiquitously in aerobic organisms. The insect GST (glutathione transferase) supergene family encodes a group of proteins belonging to at least six individual classes: Delta, Epsilon, Omega, Sigma, Theta, and Zeta (32, 33) . The largest classes in insects, Delta and Epsilon GSTs, are often involved in xenobiotic metabolism whereas the Omega, Sigma, Theta, and Zeta classes have a much wider taxonomic distribution and likely play essential housekeeping roles (33, 34) . The research on insect GSTs has primarily focused on their role in insecticide resistance as GSTs can metabolize insecticides by e.g., conjugation with reduced glutathione to produce water-soluble metabolites that are readily excreted (27) . Herbivorous insects are additionally faced with toxic plant metabolites and allelochemicals (35) . Here again, GSTs play an important role in detoxification, as has been shown for the detoxification of glucosinolates (36) , the hydroxamic acid, 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA) (37), or furocoumarins (38) . Induction of GSTs were commonly observed after exposure to toxin-loaded diets, for example in generalist Lepidoptera species such as S. frugiperda feeding on a diet enriched with furocoumarins (39), or in the polyphagous aphid Myzus persicae in response to secondary metabolites from Brassica plants (36) .
In the present work we demonstrate that also the recently discovered isomerization of cis-OPDA to iso-OPDA in the insect gut (9) is mediated by a specific GST produced by epithelial cells of the insect gut. A cohort of very similar GSTs was isolated and purified from the midgut tissue of the two Lepidopteran species S. littoralis and H. armigera by affinity chromatography. Further separation by 2D SDS/PAGE revealed the presence of at least 12 different GSTs. In total 16 GSTs from a midgut tissue-specific library were cloned and expressed in E. coli. However, only one of the GSTs, GST 16, catalyzed the isomerization of cis-OPDA to iso-OPDA, thus demonstrating that this is a unique feature of the enzyme. A comparable selectivity is reported for members of the GST superfamily from A. thaliana that convert electrophilic oxylipins into glutathione-conjugates (40) . More importantly, the development of a specific enzyme targeted for the deactivation of the plant derived cis-OPDA indicates the importance of this transformation and at the same time leads to a question on the significance of this reaction for the herbivore. Although the effect and target of cis-OPDA in insects is as yet unknown, we observed premature pupation of the larvae after injection of cis-OPDA into the hemolymph; this phenomenon was not observed after injection of iso-OPDA. Another non-plant system showing significant bioactivity for the plant-derived OPDA was recently addressed in an OPDA-driven inhibition of the proliferation of human breast cancer cells (41). 
ECOLOGY
Typically, strong electrophiles such as cis-OPDA or the structurally related phytoprostanes are cleared from living tissue by conjugation with the nucleophilic glutathione resulting in watersoluble conjugates (21, 26, 42, 43) . This modification represents a simple and high capacity mode of inactivation and facilitates the elimination of the conjugates from the cells (22) . Our observation that a sample of synthetic GS-OPDA is converted by an affinitypurified GST fraction to a mixture of OPDA isomers containing iso-OPDA, supports the involvement of such a conjugate in the transformation of cis-OPDA to iso-OPDA. The low amount of iso-OPDA among the reaction products (Ϸ13% of all OPDAisomers) can be attributed to stereochemistry of the synthetic conjugate. The non-enzymatic, base-assisted addition of the GS Ϫ nucleophile to the double bond of cis-OPDA occurs predominantly from the least hindered side placing the side chains of cis-OPDA and the glutathione moiety in an anti-position. On the other hand, a syn-orientation of the side chain and the glutathione moiety would facilitate an anti-elimination of GS Ϫ anion and a proton from the conjugate as illustrated in Fig. 3 . The resulting ␤,␥-unsaturated intermediate is unstable, especially at the alkaline gut pH (Ϸ10.5) and would immediately isomerize to iso-OPDA along with the starting cis-OPDA. Cis-OPDA re-enters the reaction cycle, while iso-OPDA does no longer acts as an electrophile due to sterical hindrance at the tetra-substituted double bond. Trans-OPDA results from base-catalyzed enolisation of cis-OPDA or the conjugate GS-OPDA before regeneration of the OPDA backbone. All these mechanistic alternatives are observed with synthetic GS-OPDA (Fig. 5) . However, if the reaction is run with the affinity-purified GST fraction only iso-OPDA is formed (Fig. 5) . We attribute this clean transformation to the exclusive formation of the syn-addition product that is rapidly cleaved to the ␤,␥-unsaturated OPDA intermediate that precedes the formation of iso-OPDA. The existence of such an intermediate (corresponding to prostaglandin C) has been demonstrated for the isomerization of the bioactive prostaglandin A 1 to the inactive prostaglandin B 1 (44) . The NMR data of the synthetic GS-OPDA evidenced the presence of at least two diastereomers with one configuration prevailing (most likely the anti-addition product) and is consistent with the complex product spectrum shown in Figs. S3 and S4. Only the minor syn-addition product would directly yield iso-OPDA (13% of the total OPDA-isomers), while the major anti-addition product would also suffer epimerization and regeneration of cis-OPDA. Most importantly, the reaction products of the non-enzymatic, basecatalyzed conversion of GS-OPDA to OPDA isomers did not comprise iso-OPDA. This demonstrates that the removal of the proton from the tertiary carbon bearing the longer side chain requires the directed action of a properly positioned functional group of GST 16 (the attacked C-H bond is less acidic than the ␣-protons next to the carbonyl group of GS-OPDA).
The scattered occurrence of the ability to isomerize cis-OPDA to iso-OPDA in the studied group of plant-consuming insects is remarkable. In particular larvae of the generalist feeders Spodoptera spp., Helicoverpa spp., and Trichoplusia ni are able to carry out this reaction very efficiently. Specialist feeders such as the leaf beetle larvae of P. versicolora, and the Lepidopteran P. xylostella and G. mellonella do not posses this catalytic capacity. The reason for this difference might be seen in the fact that specialists mostly ingest food that contains only low amounts or no cis-OPDA at all (e.g., G. mellonella feeding on bee wax) or they may have found additional ways how to cope with the specific OPDA levels of their respective host plants. In addition to this, specialist herbivores are unlikely to be confronted with a situation of a novel food plant that produces high amounts of cis-OPDA. This, however, is the case for generalists that have to cope, indeed, with very different concentrations of cis-OPDA after moving to another host plant. For example, the resting level of cis-OPDA in lima bean leaves is around 2,000 ng g Ϫ1 of fresh leaf material. Since a feeding larva of S. littoralis easily consumes several grams of a leaf per hour it is exposed to more than 5.0 g cis-OPDA during this time. Interestingly, this is much higher than the amount of cis-OPDA injected into hemolymph (1.0 g) which led to earlier pupation. Accordingly, the ability to isomerize cis-OPDA is probably one of the essential catalytic capacities and strategies that enables the generalist to feed on different plants. Specialist, feeding on plants with enhanced levels of cis-OPDA such as Manduca sexta feeding on tobacco [25-50 ng/g fw of cis-OPDA after induction (45, 46) ] also depends on this catalytic system. More research connecting the resting levels, as well as the kinetics of cis-OPDA-induction in damaged plants, is required to understand the biological significance of this reaction. Moreover, the still unknown target of cis-OPDA in the consuming insect is another important problem that needs to be addressed to understand the evolution of this specifically adapted GST for the performance of generalist insect herbivores.
Materials and Methods
Materials. Reduced glutathione was obtained from Acros Organics. Cis-12-oxophytodienoic acid (cis-OPDA) was synthesized from linolenic acid according to Schulze et al. (9) . GST from equine liver (38 units/mg protein) was obtained from Sigma Aldrich. Bacterial sigma class GST from H. armigera was generously supplied by Dr. Choon Wei Wee.
Caterpillars. Larvae of all lepidopterans were hatched from eggs. Spodoptera littoralis were reared on an agar-based optimal diet (47) . The temperature was kept at 23-25°C and 16-h light/8-h dark cycles. The TWB strain of H. armigera Hü bner was collected from the vicinity of Toowoomba, Queensland, Australia. Neonates were reared on a pinto bean diet at 26°C and 16-h light/8-h dark cycles (48) . Before dissection all caterpillars were fed for 3.5 h on artificial diet enriched with cis-OPDA. Larvae of P. versicolora were collected in Brussels (Belgium) and were reared on leaves of S. fragilis or S. tristis. Larvae of the Diamondback moth (P. xylostella, G-88 strain) were reared on a artificial diet based wheat germ (49) at 27°C and 16-h light/8-h dark cycles. G. mellonella larvae were reared on a semisynthetic diet obtained from E.N.T. Terrarientechnik (22% maize meal, 22% wheat germ, 11% dry yeast, 17.5% bee wax, 11% honey, and 11% glycerol) at 28°C in darkness. B. mori larvae were reared on a mulberry leaf-based diet at 24°C and 12-h light/12-h dark cycles.
Purification of GSTs Fractions. Midguts of H. armigera and S. littoralis (fourth to fifth instar) were isolated and submerged immediately into liquid nitrogen. Thirty midguts were pooled and homogenized and kept at Ϫ80°C for further analysis. For isolation of GST proteins from midgut homogenate, aliquot of powder (Ϸ15-20 mg) was dissolved in lysis buffer (0.1 M Tris/HCl, pH 7.8; 1 mM EDTA; 10 mM DTT; 0.5% Triton X-100, and 5 mM protease inhibitor Pierce). Sample was centrifuged at 4°C 16,000 rpm for 20 min, supernatant was used for GST isolation. GST proteins were isolated using GST Bind™ Fractogel Cartridges (Novagen) according to manufactures protocol. In brief: protein containing supernatant was passed through the cartridge, resulting in the flow through fraction, containing all non-bonded proteins. The cartridge was then washed with provided in the kit wash buffer and finally eluted with elute buffer based on reduced glutathione. The eluted fraction contained mixture of GST proteins and reduced glutathione.
Heterologous Expression of GSTs in E. coli. The cDNAs encoding the GST proteins were amplified from the EST clones by PCR using gene-specific primers (Table S3) and cloned into the pCR-T7/CT-TOPO expression vector (Invitrogen) in frame with the C-terminal His-tag. The correct insert sequence was verified by sequencing. Starter cultures of E. coli BL21(DE3) (Invitrogen) harboring the expression constructs or control pCR-T7/CT-TOPO vector constructs were diluted to an OD600 of 0.1 with terrific broth supplemented with 50 g/mL ampicillin and grown to an OD600 of 0.4 -0.6 at 37°C and 250 rpm before isopropyl-1-thio-␤-D-galactopyranoside (IPTG) was added to a final concentration of 1 mM. After 16 h at 20°C (200 rpm) the cultures were again induced with the same amount of IPTG, and after 4h at 30°C bacterial cells were extracted in 2.5 mL BugBuster Protein Extraction Reagent (Novagen) with 2.5 L lysonase (Novagen) and 25 L Proteinase Inhibitor Mixture (Thermo Scientific) (Fig. S7) . The 16,000 ϫ g supernatants were used as crude E. coli lysates.
OPDA Isomerization Assays with Protein Fractions and Expressed GST Proteins.
In brief: 10 g of cis-12-oxophytodienoic acid (OPDA) was taken and mixed with 1 mL purified GSTs fraction (as obtained from the elution of GST Bind™ Fractogel Cartridges, so containing GSH from elution buffers) or 0.5 mL of flow through fraction with 0.5 mL physiological saline solution (pH 7). pH in the rage of 7-7.8
